Phosphorous is a scarce resource and there is a need to develop methods for recovery of this 8 irreplaceable nutrient from secondary resources, e.g. from sewage sludge ash (SSA). Today SSA is 9 most often disposed of and the resource is lost. In the present study, about 90 % phosphorous was 10 recovered from SSA by electrodialytic separation in a bench scale set-up, and the particulate residue 11 after the extraction (SSA-ED) was evaluated for use as cement replacement in mortar. The SSA-ED 12 and untreated SSA were grinded for 0sec, 30 sec and 10 min in order to obtain fractions with 13 different degrees of fineness. Each fraction was tested as cement replacement with 20% substitution 14 in mortar. The technical and aesthetical properties of mortars containing the two SSAs were 15 compared to the properties of ordinary mortar. The SSA-ED was acidic; however, this did not 16 significantly influence the mortar properties on short term investigated here. For example, the 17 compressive strength of the mortar with SSA-ED only decreased by 8% compared to ordinary 18 mortar. The workability of mortars with SSA or SSA-ED was reduced compared to the reference. 19 The colour of mortar with SSA-ED was warm reddish, and more intense than the colour of the 20 mortar with SSA. The intense colour was due to the increased concentration of hematite during ED.
INTRODUCTION 27
Sewage sludge ash (SSA) is the residue from thermal treatment of sewage sludge, most frequently 28 incineration, at wastewater treatment plants. Phosphorous in SSA is generally not plant available, 29 and thus the SSA has no fertilizer value and thus the common practice is landfilling of the SSA. The electrodialytic experiment. LoI, water content, water solubility, total and leaching concentrations of 133 Cd, Cu, Pb and Zn (ICP-OES) and P (XRF) and mineralogy (XRD) were measured in the ED 134 treated and dried ash.
135
Mortar preparation and testing 136 Before the SSA and SSA-ED (here refered to as test materials) were used in mortar, they were 137 grinded for 0 sec, 30 sec and 10 min using a vibratory cup mill (FRITSCH -pulverisette 9). The 138 grain size of the SSA and grinded samples are shown in Table 1 . The grinded test materials were 139 used for the production of test binders that consisted of 80 % of cement and 20 % either SSA or 140 SSA-ED. In total mortar 8 mixes were produced (Table 2) The basic recipe, which was used for the 141 mortar production, was 75 % sand, 25 % binder and a water/binder ratio of 0.5. The sand was a 142 coarse grained sea-sand (0 -4 mm) and the cement used was CEM II/A-LL 52.5R. This particular 143 type of cement has a reduced CO2 footprint compared with ordinary portland cement as up to 20 % 144 of the cement clinker is replaced by limestone filler. 145 The mortar was prepared in a Hobart mixer with the capacity of 5 liters. Binder (either cement or 146 cement and SSA) was placed in the bowl, and the water was added. The mixer was switched on for 147 30 sec at low speed. The sand was added during the next 30 sec, and then the mixer was switched to 148 high speed and the mixing continued for another 30 sec. The mixer was stopped and the paste 149 adhering to the inside of the bowl was within the next 30 sec removed by a scraper. After 60 sec of 150 rest, the stirring process proceeded and the paste was stirred at high speed for another 60 sec.
151
The compaction procedure was executed by a vibrating table at a frequency of 53 Hz. The mortar 152 was placed in the mould within the first 30 sec and the mortar was vibrated for another 90 sec. The 153 mortar samples were sealed in plastic for 24 hours, demolded and cured in water vertically placed in 154 a sealed plastic box. The two series were cured in separate boxes because the leaching of the mortars in the two series was expected to be different. M-SSA0sec -10 min were cured for 28 days and 156 M-SSAED0sec -10 min for 40 days. The extended curing time applied for M-SSAED0sec -10 min may have 157 influenced the compressive strength result. But because the strength increase levels out after 28 158 days, the two series, M-SSA0sec -10 min and M-SSAED0sec -10 min, are roughly compared though taking 159 the difference in the curing time applied into account.
160
Three prismatic specimens (160mm x 40mm x 40mm) were cast in each mould. After curing they 161 were cut into 6 equal test samples (80mm x 40mm x 40mm). For the determination of the 162 compressive strength a Toni 3000 compression machine was used. The pH was measured and 163 mineralogy investitaged on crused samples for the three different mortars.
164
The flow value expresses the workability of mortar with untreated and grinded SSA. Preparation of 165 mortars followed DS/EN 191-3+A3 (DS 2009) and the tested mortars are those listed in Table 2 . 166 The flow value was determined according to DS/EN 1015 -3 (DS 1999 . A truncated conical mould 167 (50 mm high, internal diameter 100 mm at the bottom and 70 mm at the top) was uniformly filled 168 with mortar. The mould was removed, and the mortar exposed to jolting by slowly raising the 169 mould 2 cm vertically and dropping it, 15 times at a rate of one pr. second at a flow table. The mean 170 diameter (dmean) from two measurements of the subsequent mortar diameter in two directions at 171 right angles was found. The procedure was repeated twice for each mixture.
172
Metal leaching from mortars were made similarly as for the test mateirals accodring to DS/EN 173 12457-3 part 1 and the mortars were hand crushed prior to the mixing with distilled water. The 174 buffering capacity of the mortars was determined according to Reddy et al. [17] by firstly preparing 175 a suspension of the test material mixed in water (6.7 % w/v) secondly stirring the suspension for 30 176 min before pH was measured. Successive 1 ml of concentrated HCl were made every 30 min and 177 pH was measured thereafter. This was repeated every 30 min until pH was below 2.
For evaluation of the colour differences another type of samples were casted in moulds made from 179 film faced ply wood as desribed in detail in [18] . The dimensions of these moulds were 180 100x100x30mm. Paper cuttings were used to make both rough and smooth surfaces of the hardened 181 mortar, and a circular shape was cut out of the lining paper using a circle cutter. The paper was 182 moistened under running water for a few seconds. Before the frame was mounted, the wet paper 183 cutting was placed at the base of the mould and evened out with the means of a wall paper brush.
184

RESULTS AND DISCUSSION
185
Phosphorous and heavy metals in the SSA before and after ED 186 The investigated SSA contained 20.6 wt% P2O5 (found from the XRF analysis), which corresponds 187 to 9.0 wt% P (Table 3 ). The P concentration in the investigated ash is slightly lower than in the 188 previously investigated SSA batches from the same facility, 10wt% [10], 12wt% [16] and 11wt%
189
[13], however, the concentration is within the general range (5 -10 wt% P) reported by Cyr et al.
190
[5].
191
The initial SSA amount in the experiment was 3 kg, and with a P concentration of 9 wt% the total 192 mass of P was 270 g. During ED, P was extracted from the SSA, and the concentration was 193 decreased to about 1.0 wt% P (2.3 % P2O5) in SSA-ED. In ED lab scale experiments from [13] 194 where successful P extraction was obtained from SSA from the same incineration plant, about 50% 195 SSA dissolved, and the same range of dissolution is expected in the present bench-scale experiment.
196
Thus approximately 15 g P was still bound in the SSA after ED, corresponding to 6% of the total.
197
The concentration of Cd and Cu decreased in the SSA during ED (Table 4 ). The Cd concentration 198 decreased from 2.8 mg/kg to 0.5 mg/kg (corresponding to 91% removal taking the 50% dissolution 199 of SSA into account) and the Cu concentration decreased from 590 mg/kg to 460 mg/kg (61% 200 removal). This is on the contrary to the concentrations of Pb and Zn, which both increased in the phase in SSA makes the pattern difficult to distinguish. The ED experiment could have been 245 stopped at the end of zone II, as no more P was recovered after this period. The concentration of P 246 was at this point about 8 g/l in the filtrate and with approximately 31 l filtrate this gives about 250 g 247 P totally in the filtrate, which is by far the major part of the P initially in the ash (270 g).
248
The continuation of the experiment after the maximum extraction of P (zone II) with zone III and 249 IV was not only an excessive use of energy, but it also decreased the quality of the filtrate as the Zn 250 concentration increased (mainly in zone IV). The separation of heavy metals in this zone is not 251 efficient as the pH is so low, that hydrogen ions will be by far the main charge carrier. Thus it is 252 highly important to stop the ED process at the right time. At the end of zone II, the concentrations 253 of both Cu and Zn were about 10 mg/l, which corresponds to 310 mg. Initially the 3 kg of ash 254 contained 1.8 g Cu and 6.3 g Zn. Thus 18% Cu and 5% Zn was found in the filtrate. Table 3 shows characteristics for the cement, SSA and SSA-ED. The requirements for use of coal showing that Si was mainly present in the part of the SSA, which was not dissolved during ED. In 265 SSA-ED the weight percentages of Al2O3, Fe2O3 and SiO2 summed up to 73 % of the mass, whereas 266 in the SSA the sum of these major oxides was 43 %. Comparing these weight percentages to the 267 requirements for coal fly ash used in concrete it was seen that the ED treatment made the SSA more 268 eligible for use in concrete. Also the reduction in SO3 due to the ED treatment is favourable for the 269 SSA as material. The content of CaO was also greatly reduced in the SSA-ED, which can be linked 270 to the lower pH and that Ca-containing minerals and phases will dissolve at acidic pH. This will 271 also mean that the buffer capacity of the SSA-ED has been reduced and this together with the acidic 272 pH could negatively influence the properties of the mortar when used as substitution for cement.
255
Characteristics of raw and treated ash
273
The heavy metal content and leaching for the cement and SSAs are seen in Table 4 SSA after electrodialytic treatment is acidic. The leaching from SSA-ED was 14% Cd, 4% Cu and There were no similarities in the mineralogy between cement and the SSA samples, as seen in Fig. both the smooth and rough surfaces. The study showed that electrodialytic treated SSA may 397 have potentials to be utilized as resource in cement based materials especially in places 398 where the colour aesthetically can add value to the build environment. Manage. Assoc. 49, 823-830 (1999) . 
